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Abstract
During the operation of the metro, the bogies are exposed to various magnetic
disturbances which influence the metro magnetic control system. In this thesis, the
disturbance mechanics of bogie magnetization and return currents in Helsinki metro
are examined. Furthermore, the magnitudes of these disturbances are evaluated to
assure they possess no operational hazard.

The magnitudes of the magnetic disturbance fields of magnetization are attained
through a repetitive measurement on specific trains. The disturbance fields from
return currents are evaluated through FEMM- and Elmer-simulations. For the
simulations, the magnitudes of return currents are measured from the Kamppi
substation.

The maximum amount of magnetic disturbance measured from bogie magneti-
zation is only minor at 1,39 mT. For return current originated disturbances the
simulated maximum magnitude is 2,79 mT in FEMM and 2,19 mT in Elmer with a
current of 3 kA in both rails. Furthermore, when 6 kA current is conducted only
through the right rail, the simulated disturbance is 3,86 mT in FEMM and 3,75
mT in Elmer. The disturbances from return currents are considerable. However,
they do not possess operational hazard on their own or in combination with bogie
magnetization.
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Tiivistelmä
Metron operoinnin aikana junien telit altistuvat erilaisille magneettisille häiriöille,
jotka vaikuttavat metron pakkopysäytysjärjestelmään. Tässä työssä tutkitaan te-
lin magnetoitumisen ja radan paluuvirtojen aiheuttamien häiriöiden mekanismeja
Helsingin metrossa. Lisäksi arvioidaan näiden häiriöiden suuruuksia, jotta voidaan
varmistua, ettei häiriöistä ole haittaa järjestelmän toiminnalle.

Telin magnetoitumisesta aiheutuvien häiriöiden suuruus etsitään toistuvilla mit-
tauksilla yksittäisistä junista. Paluuvirtojen häiriökenttiä arvioidaan FEMM- ja
Elmer-simulaatioiden avulla. Simulaatioiden pohjaksi paluuvirtojen suuruudet mita-
taan Kampin syöttöasemalta.

Suurin mitattu telin magnetoitumisesta aiheutuva häiriö on suuruudeltaan vain
vähäinen 1,39 mT. Paluuvirroista johtuvien häiriöiden suuruudet ovat simulaatioiden
mukaan 2,79 mT FEMM:ssä ja 2,19 Elmerissä, paluuvirtojen ollessa 3 kA molemmissa
kiskoissa. Lisäksi, kun 6 kA virta kulkee vain oikeassa kiskossa, simuloitu häiriökenttä
on 3,86 mT FEMM:ssä ja 3,75 Elmerissä. Täten paluuvirroista aiheutuvat häiriöt
ovat huomattavia. Häiriöt eivät kuitenkaan aiheuta uhkaa järjestelmän toiminnalle
yksittäin eivätkä yhdistettynä.
Avainsanat Sähkömagnetismi, ferromagnetismi, metro, juna, tietokoneavusteinen
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1 Introduction
Helsinki metro system, operated by HKL, is an urban transport that provides travel
service for almost 300 000 passengers daily. Rising population in the downtown area
has grown the passenger numbers of the metro through the years. Furthermore, the
metro system has recently undergone a significant expansion to the Espoo area with
Länsi-metro. The growing demand for fast transportation in the city center area
has forced metro trains to operate in shorter intervals cutting down the clearances
between trains, thus compressing more trains to the track sections than before. This
evolution has inevitably made the metro system more vulnerable to interruptions.
It is clear that correctly implemented automatisation of the metro would provide
improved stability to the metro system. Even though the automatisation project has
been already started once and then halted, there is no certainty of the schedule in
which the metro would no longer require physical drivers.

Whether the automatisation project is progressing or not, the metro needs to be
operated with the systems and resources it has. At the moment, it is not worthwhile
to make significant investments on new metro control systems and equipment if
there is no guarantee that it would be compatible with the possible automatic metro
system in the coming years. One of the older systems in the metro, operational
from the start of Helsinki metro, is the magnetic control system used to transmit
signals from the interlocking devices to the trains. The system has received updates
and new components with each added train series and is grown broader from the
start of operation. While the system is still reliable and working as intended, it is
necessary to ensure that this reliability is maintained, despite the changing operating
conditions, throughout the lifetime of the system.

Since the control system relies on magnetic signals for information transmission,
HKL has assessed a necessity for analysis of the magnetic phenomena present in
the vicinity of the signal transmission locations to ensure there are no additional or
amplified disturbance sources that could affect the operation of the control system.
Several specifications and characteristics of the system are periodically measured and
tested, however, not all the effects of the magnetic disturbances can be qualified with
these measures. Thus, it is necessary to research and analyze the mechanisms of these
phenomena with different methods that present physical and logical background. In
preliminary research, the main subjects of the analysis have been derived to be the
magnetization from the train bogie steel parts and the magnetic fields from the track
return currents.

Aim of this thesis is to find the magnitude of magnetic disturbances present
during normal operation in HKL metro system. More specifically, the disturbances
are evaluated in relation to the magnetic control system which transmits signals
between the interlocking devices and the trains. The most significant magnetic
disturbances are due to magnetization in the bogie and magnetic fields from the track
return currents. The disturbance from magnetization is constant in nature while the
track currents are only momentary, and therefore different approaches are needed
to assess their effects. Chapters 5 and 6 present the analysis of the disturbances
with different approaches and relevant discussion. Simulations and measurements
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are conducted to determine the magnitude and effect of disturbances. Significance of
these effects is also evaluated. Recommendations of future proceedings are presented
in the chapter 7 concerning the results of the analysis.

In addition to the analysis of the magnetic disturbances, the basic principles and
theories of magnetism used in this thesis are documented. This documentation is
presented in chapter 2. Furthermore, classes and respective properties of magnetic
materials are discussed. Among the classes of materials, the emphasis is strongly on
ferromagnetism which is most relevant characteristic to the thesis. Also the most
significant theories and principles of electromagnetism are presented. In addition
to being an introduction for the research in the thesis, the chapter 2 also serves as
an additional information source to HKL staff working with the magnetic control
system regarding magnetism.

The chapter 3 introduces the HKL metro system general overview. Mainly, readers
are acquainted with the control systems and the interlocking device and also the
magnetic signal circuit. The chapter 4 lays the base for analysis of the disturbance in
the following chapters by examining the bogie structures and materials. Differences
and specifics of the three train series operated in HKL metro are discussed and
compared in this regard.
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2 Magnetism
There is extensive theory related to magnetism and its mechanics. In this chapter
the most significant phenomena for the thesis are discussed, beginning with magnetic
quantities. Furthermore, the magnetic properties of materials are considered with an
emphasis on ferromagnetism. Finally, the relevant principles of electromagnetism
and magnetostatics are presented.

2.1 Fundamentals of magnetism
In this section, the basic quantities of magnetism and their relations are presented to
provide a basis for understanding the following chapters for the readers unfamiliar
with the magnetic principles.

2.1.1 Introduction to magnetic fields

When considering magnetism, the first thing in mind is usually a refrigerator magnet
or a handheld compass. These are some of the simplest applications utilizing the
attraction force that permanent magnets have towards certain metals. Furthermore,
one might think of an electromagnet in a motor or in an MRI machine in which
the magnetic field is due to a flowing current. In addition to these more obvious
forms, magnetism is all around. Magnetism and electricity form the fundamental
force of electromagnetism which is present in the interactions of electrically charged
particles in all matter. Following this observation, we can determine that all materials
possesses magnetic qualities. Thus, magnetism is more common phenomena than it is
usually considered to be and it must be sometimes taken into account in applications
which one would not even consider to be related to magnetism at all.

To better understand the magnetic interactions between materials we must
first consider all the affecting quantities. There are three important magnetic
quantities with which we can analyze magnetic fields and interactions. These are
called magnetization M, applied magnetic field H and primary magnetic field B.
Other common names for H and B are magnetic field strength and magnetic flux
density respectively, or simply H-field and B-field. By a simplified definition, the
magnetization is considered with the internal magnetization of a material, applied
field is a field from an external source and the primary field is the combination of
the previous two. These quantities are related by

B = µ0(H + M), (1)

where µ0 is the permeability of free space. Permeability depicts the ability of a
substance to support a magnetic field. B, H and M, all form their own fields which
can be visualized with vectors. Representation of these vectors and the principles of
the Equation 1 are illustrated in Figure 1.



4

Figure 1: Magnetic fields and their vector summation. Magnetic fields in the figure
are created by the magnetization in the material and no external fields are present.
[1, p. 35]

2.1.2 Magnetic moment

Next the magnetic attributes are examined more thoroughly, beginning with the force
creating magnetization, the magnetic moment m. It is an elementary quantity of
magnetism which represents the magnitude and direction of magnetic force produced
by a particle. Magnetic moments in materials are produced by two types of quantum
mechanical angular momenta of electrons, spin and orbital angular momentum. Spin
is an intrinsic form of angular momentum in elementary particles. It creates magnetic
moment in only two possible directions opposite to each other. Despite its name,
spin is not related to spinning but it is rather an intrinsic attribute like mass. The
orbital circulation of electron, on the other hand, is actual movement and produces
magnetic moment in the direction of the rotational axis. [1, p. 24–26]

In addition to electrons, nuclei also have magnetic moments. However, they are
relatively small compared to those of electrons, since the magnetic moment of a
particle has an inverse relation to its mass and electron mass is considerably smaller
than that of protons or neutrons. Due to this difference, the nuclei magnetic moment
can often be neglected when considering macroscopic magnetic interactions. [1, p.
24–26]

Although the magnetic moment is due to quantum mechanical properties of
particles, its magnetic field is equal to that of a current flowing in a loop. The
relation of the magnetic moment to current in the loop is

|m| = IA, (2)

where I is the current circulating in the loop and A is the area of the loop. Here we
can derive the unit of magnetic moment which is Am2. The formula also depicts the
interrelation between electricity and magnetism. [1, p. 24–26]
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2.1.3 Magnetization

Considering the magnetic interactions between objects and magnetic fields in the
macroscopic scale, we are not directly interested in separate magnetic moments as
much as we are in the total effect they produce over an area. Therefore we use
magnetization M to describe a local magnetic moment density.

Magnetization is the magnetic field inside the material that is also created by the
material itself, with the magnetic moments of its particles. The illustration in Figure
1 depicts the restraining of the magnetization field inside the material. As mentioned
earlier, the magnetic moments can be represented with very small current loops. The
current density jm associated with the magnetic moments is called magnetization
current or bound current. The magnetization currents are related to the curl of
magnetization by the following formula

jm = ∇ × M, (3)
which means that the magnetization vector field is rotational around the directional
axis of the magnetization current density. Furthermore, the total magnetization of a
certain material is the vector sum of all the magnetic moments per volume. Thus,
for a uniform material the relation is

M = m
V

, (4)

where V is the volume considered. Consequently, the unit of magnetization is A/m.
[1, p. 33–39]

The individual magnetic moment directions are constantly changing inside the
material, however, their average stays the same in larger scale with external factors
being constant. In most materials the magnetic moments cancel each other out
to cause a net magnetization close to zero. However, depending on the material’s
properties, an applied field can orient the magnetic moments to align differently,
causing a net magnetization. A material can have magnetization in an applied
magnetic field or, if the material structure supports it, even without external fields.
Depending on the material properties and orientation in relation to the applied field,
a material can have enforcing or weakening effect on the formation of the primary
B-field.

2.1.4 The H-field

The H-field or the magnetic field strength is a quantity of magnetic force generated
by flowing currents or magnetic moments. Like the other magnetic fields, the H-field
can be represented by vector field describing its direction and magnitude. While the
magnetic field of magnetization inside the material is created by the bound current,
the H-field is created by the flow of current associated with the free current density:

jc = ∇ × H. (5)
Similarly to magnetization field rotating around the direction of the bound current
density, the H-field rotates around the direction of the free current density.
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The distinction between magnetization and H-field can be difficult to perceive.
The fields share the same unit A/m and seem indifferent at times. While the
magnetization field is defined only inside the material, the extension of the field
outside the material is part of the H-field. Furthermore, the divergences of the fields
are complements to each other:

∇ · H = −∇ · M. (6)

The presence of divergence in the field means that it is not continuous and has
sources and sinks. This is illustrated in Figure 1 where the magnetization and
H-fields extend from each other at the boundaries of the material. The H-field that
is due to magnetization and extends outside the material is usually called the stray
field. In addition to being an external field, part of the H-field also travels through
the material itself. This field is called the demagnetizing field as its direction is
opposite to the magnetizing field of the material. [1, p. 33–35]

2.1.5 The B-field

The B-field, magnetic flux density or the primary magnetic field is a combination of
the H-field and magnetization. Thus, it depicts the total effect of magnetic fields in a
certain point. The B-field is represented with the unit tesla T. Unlike magnetization
and H-field, the B-field is divergenceless which means it has no sources or sinks:

∇ · B = 0. (7)

As there is no divergence the B-field lines always form a continuous loop when the
field line representation is presented. Furthermore, the integral of B through any
closed surface is zero. [1, p. 29–31]

The rotational characteristics of B-field are related to the direction of current
density according to

∇ × B = µ0(jc + jm) = µ0J, (8)

where J is the total current density. Therefore in addition to being a sum of the
magnitudes of magnetization and H-field, also the curl of B-field is combination of
the respective curls. [1, p. 29–31]

As the B-field is a density variable, it represents an average value of flux on a
certain area or a point in space. The total magnetic flux Φ through a certain surface
is represented with Weber or T/m2. In this thesis, magnetic quantities are depicted
with B-field values when possible, as the value is universal in that it has no area
dependence.

Magnitudes of B-fields are usually small as tesla is relatively large unit. For
example, the magnetic field on Earth’s surface is 30 − 60µT . Typical consumer grade
magnets are usually on the millitesla range, while MRI machines’ field magnitudes
are 1 − 10 teslas.
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2.1.6 Susceptibility

The magnitude and path of the magnetic field is always affected by different materials
in its vicinity. Moreover, all materials are also affected by magnetic fields. The effect
an applied field has on the material is defined by the material’s susceptibility χ. As
its name suggests susceptibility tells us how susceptible a material is to the effects of
external fields. More accurately how much magnetization it gains when affected by
an exterior field. Larger the susceptibility the more magnetization the material gains
from the applied field. This is due to reorganizing of the magnetic moments in the
structure to align parallel to the external field. Furthermore, the sign of susceptibility
tells us if the structure aligns with the field or opposed to it. This also indicates if
the material is drawn to the field or pushed away from it. The dependencies between
susceptibility, magnetization and applied field are shown in the following formula

M = χH, (9)

where susceptibility χ is dimensionless as magnetization and applied field have the
same unit.

Susceptibility of a material is not constant, but it varies with temperature and
magnitude of the applied field. However, for most materials, changes in susceptibility
are minuscule and susceptibility can be assumed constant for most applications. Most
significant changes in susceptibility are seen in ferromagnetic materials. [1, p. 39–41]

2.1.7 Permeability

Another magnetic quality of materials, closely related to susceptibility, is permeability
µ. Permeability of a material depicts how well it supports the formation of a magnetic
field. In other words, how much the primary magnetic field B increases with the
applied field H. This relation is depicted in the formula

B = µH. (10)

This is analogous to electric current flowing through the path of least resistance. The
magnetic field is concentrated to the area with the largest permeability. Furthermore,
the concentration effect’s strength is related to the magnitude of permeability. This is
illustrated in Figure 2. The total permeability µ is a product of relative permeability
µr and permeability of vacuum µ0, where µ0 is defined as 4π ∗ 10−7 H

m
. The relative

permeability is a dimensionless material specific quantity and as its name suggests it
describes how the material’s permeability compares to that of a vacuum.

Like susceptibility, the permeability of a material is not a constant, but it is a
variable that depends on applied field and temperature. However, the changes in
most materials permeability are so small they can be negated for most purposes.

Permeability and susceptibility are very similar quantities and are also related to
each other. Relative permeability is usually used in the relation to give the following
simple formula

µr = 1 + χ, (11)
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where relative permeability can not be negative and susceptibility can not be smaller
than −1. [1, p. 39–41]

Figure 2: Magnetization when the same external field is applied on materials with
different relative permeability.

2.2 Magnetism in materials
All materials have magnetic properties. However, there are major differences in
materials’ responses to magnetism. Interactions of magnetic moments in a material
define how it behaves magnetically. Materials can be classified into different cate-
gories based on their behavior. Diamagnetic and paramagnetic materials respond
to magnetic fields only a little and retain no magnetic field after the applied field is
removed. These materials are usually perceived non-magnetic. Ferromagnetic mate-
rials, however, can have very strong amplifying effect on applied field. Furthermore,
they retain magnetization even after the applied field is removed. In the following
parts, the categories are discussed in more detail.

2.2.1 Diamagnetism

Diamagnetism is the most basic form of magnetism as it is present in all materials.
The diamagnetic effect is such that it opposes the applied field. This is caused by
small induced currents inside the material when an external field is applied. These
currents act against the increase of magnetic flux in the material according to Lenz’s
law. The Lenz’s law states that magnetic flux and induced electromotive force oppose
each other. Unlike magnetization through net magnetic moments, this phenomenon
is mostly temperature independent. Since the diamagnetic materials naturally repel
magnetic fields, their susceptibility is always negative and their permeability is
between 0 and 1. [2]

It is characteristic to diamagnetic substances, that there are no unpaired electrons
and all the orbital shells are filled. Paired number of electrons leads to zero net
magnetic moment in the material since the spin and orbital angular momentum of
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electrons cancels out by opposing momenta of the same kind. If a material would have
free electrons, the effects of their magnetic moments would have greater magnitude
than the induced diamagnetic forces. [3, p. 87–91]

Although diamagnetism is present in all materials, only those materials that
possess no other type of magnetism are called diamagnetic since the related magneti-
zation is smaller than that of other types of magnetism. The effect the diamagnetic
materials have on the magnetic field is so small that it can be negated with most
examinations of magnetic effects especially when ferromagnetic materials are also
considered. A comparison of the behaviours of materials with different magnetic
properties in a magnetic field is illustrated in the Figure 3.

Figure 3: Magnetization of different materials in applied field. Paramagnetic and
diamagnetic effect are magnified for clarity.

2.2.2 Paramagnetism

Unlike diamagnets, paramagnetic materials respond to applied field by magnetizing in
the field direction, and thus are also attracted by magnets. In paramagnetic materials
the individual magnetic fields of electrons’ spins cancel out in pairs, similarly to
diamagnets. However, paramagnet’s atoms have an electron shell that is only partially
filled, and thus, all the spins are not cancelled. Therefore these free unpaired electrons
can align their magnetization to an applied field. [4]

The magnitude of the paramagnetic effect is small, but stronger than the dia-
magnetic effect. Susceptibilities of paramagnetic elements include magnitudes from
10−7 to 10−3. All paramagnetic materials have positive susceptibility that depicts
their effect of increasing the magnetic field.

As the paramagnetism is based on the electron magnetic moments, temperature
can affect susceptibility of paramagnetic materials. Increasing temperature increases
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the energy of electrons and makes it harder for them to maintain their alignment
with the magnetic field. The temperature dependent effect of paramagnetism is
depicted in the Curie’s law

χ = C

T
(12)

where C is the Curie constant and T is temperature. The Curie constant is material
specific value that depends on the materials magnetic atom density. The Curie’s law
applies for paramagnetic materials. [3, p. 91–99]

2.2.3 Ferromagnetism

Due to their significant magnetic qualities, ferromagnetic materials are the only
materials usually perceived magnetic. Of the basic elements, only iron, cobalt and
nickel are ferromagnetic. Most permanent magnets use alloys of these elements.
Unlike diamagnet and paramagnet, ferromagnet’s permeability and susceptibility
can be very high, allowing the primary magnetic field to grow significantly with only
a small applied field.

The source of ferromagnetism lies in the material properties and electron interac-
tions. While the magnetic moments tend to align opposite to each other to minimize
the energy of the system, in ferromagnetic materials the moments align parallel to
each other. This is due to energy differences of the magnetic dipole interaction and
exchange interaction. Some of the free electrons in material’s atoms share orbitals
with the free electrons from the adjacent atom. Pauli exclusion principle states that
fermions, such as electrons, can not share both the same spatial state and the same
spin direction. Thus, the expectation value of distance between the electrons is
increased when free electrons align their magnetic moments. The increased expected
distance in turn decreases the Coulombian interaction exchange energy between the
electrons as their charges have the same sign and their distance is increased. In
ferromagnets, the exchange energy decrease is larger than the increased energy from
the aligned magnetic moments. Thus, the total energy of the system in ferromagnets
is decreased when the magnetic moments are aligned. [3, p. 129–133]

While ferromagnet’s internal energy is minimized in a small scale if the magnetic
moments are aligned, the total energy of the material would be large due to the
magnetostatic energy of the total magnetic field. Thus, the material is spontaneously
divided into domains with alignments in different directions to minimize the external
field and total energy. Furthermore, size and number of domains are determined
by minimization of different energies in the material. Larger amount of domains
will decrease the H-field outside the material, thus decreasing the magnetostatic
energy. However, the domain walls also require energy as exchange energy has to be
overcome to turn adjacent moments away from parallel orientation. The domains
are stable when the gained field energy saved from creating a new domain equals to
the energy cost required to make the domain wall. Simplified examples of magnetic
domains and corresponding H-fields are shown in Figure 4 and single domain wall is
presented in Figure 5. [3, p. 275–300]

Even if the material tends to eliminate the external H-field it produces to mini-
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Figure 4: Relation of external magnetic field’s magnitude to the number of magnetic
domains in a ferromagnet. [3, p. 293]

mize the system energy, there can still be remaining magnetization that produces a
magnetic field outside the material. This is due to domain wall movement hindrances
which prevent the material from returning to the zero field state. Such hindrances
are impurities and stresses in the material. Impurities can include auxiliary particles
or holes in the material. Most significant stresses are dislocations in the crystalline
structure and magnetostriction, which is discussed further on in this chapter. More-
over, the domain wall movement, and thus magnetization, is easiest when the stresses
and magnetostriction are the smallest. [3, p. 305–312]

The hindrances cause the domain wall movement to be non-linear. This can be
demonstrated by considering a single domain wall. Once an external field is applied
on the material, the magnetization increases while more and more magnetic moments
turn to the direction of the applied field. Turning of the moments moves the domain
wall correspondingly. However, the wall can be ”stuck” on a local energy minimum
created by an impurity. Once the applied field exceeds the energy threshold to move
the wall further, the wall might move larger distances at once. This phenomenon is
called the Barkhausen jump and it causes the magnetization of a single domain to
grow in steps instead of linearly. Thus, the magnetization is also irreversible. Even
though single domains change their size non-linearly, the effect is averaged over the
many domains in the material. It is also important to note that the movement of a
domain wall is not actual movement of the particles but a turn in the direction of the
magnetic moments which moves the border between differently orientated magnetic
domains. [3, p. 312–314]

In addition to non-linear behavior, ferromagnetic material’s magnetization demon-
strates directional preference called magnetic anisotropy. This means that magneti-
zation is easier in certain direction determined by the material specific easy axis as
the aligning of the moments requires the least energy in this direction. Moreover,
the magnetization along the easy axis is equally easy in both directions. Material
specific crystalline structure defines the direction of the easy axis. However, the easy
axis can be affected also with external factors like applied stresses and annealing
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Figure 5: Domain wall between differently oriented magnetic domains. [3, p. 277]

which can become dominant in certain conditions. [3, p. 197–198]
Furthermore, ferromagnets have an important characteristic called magnetostric-

tion. In magnetostriction the material’s shape changes with changing magnetic field.
The exposure to magnetic field causes materials magnetic domains to move and
reorganize along the applied field. As the movement of the domains is also associated
with the crystal structure of the material, the dimensions of the material also change.
Similar effect can also occur in reverse direction, when material’s magnetization
changes when it is compressed or otherwise placed under mechanical stress. In this
direction the effect is called inverse magnetostriction. [3, p. 241–268]

Due to the spontaneous magnetization and structural qualities, the magnetization
of ferromagnets follows a hysteresis curve in the function of applied field. A typical
hysteresis curve is depicted in the Figure 6 below. Once a magnetic field is applied
on a ferromagnetic material, the magnetic moments start to align with the applied
field relatively fast and the material itself magnetizes. This causes the total magnetic
field to increase much faster than the applied field is increased. When the magnetic
moments in the material are close to being perfectly aligned with applied field, the
increase in magnetization decreases. Once the material is saturated in magnetization
Ms and all the magnetic moments are perfectly in line with the applied field, additional
magnetization in the material is not possible. After this point, further increase in
the magnetic field B is equal to the increase in the applied field H.

Furthermore, if the applied field is removed, the magnetization of the material
does not go to zero. A remanence magnetization Mr still remains in the material.
This means that the material has become a permanent magnet which retains mag-
netism without external sources. The remanence of the material is called residual
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magnetization when the applied field is removed while the material is fully saturated.
This is the largest amount magnetization the material can retain without external
magnetic field.

Although permanent magnets are called permanent, the remanence can be re-
moved. When a certain magnitude of opposing magnetic field is applied on the
material, the material’s magnetization goes to zero. The value of magnetic field
required to change the magnetization from saturation to zero is called coercive field
or the coercivity Hc of the material.

Figure 6: Hysteresis curve.

Coercivity is an essential value that defines an important usage characteristic of
the material. Depending on their coercivity, materials can be divided into soft and
hard magnets. Soft magnets have a small coercive field value. This means that a
smaller field can change the direction of the material’s magnetization. This also leads
to smaller hysteresis losses as a smaller field is required for the change of direction of
the magnetic field. Small hysteresis losses are very important in many applications
that require the direction of the field to be changed constantly. One of the most
important examples of this are transformer cores where a ferromagnetic material is
used to conduct the magnetic field from the primary coil to the secondary. There
the direction of the field changes multiple times per second, corresponding to the
frequency of the alternating voltage. Therefore it is crucial to minimize the losses
that occur during the cycling of the hysteresis loop. [1, p. 8–9]

On the opposite end of the coercivity spectrum are the hard magnets, which have
large coercivity. This means that a large opposing magnetic field needs to be applied
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to change the direction of the magnetization. Therefore, the hard magnets are good
permanent magnets, since they retain their magnetization better than soft magnets.
In addition to large coercivity, permanent magnets need to have suitable remanence
value for their application, as it defines the strength of the magnet. [1, p. 8–9]

Often the remanence field is used for the benefit of some application, however,
sometimes it is necessary to remove the remanence completely. This is called the
process of demagnetization. Remanence can be removed by applying a reversing field
on the material. Furthermore, the magnitude of the applied field must slowly decrease
with each reversal to move the magnetization to a smaller and smaller hysteresis loop.
Once enough reversals are executed the material has lost its remanence completely.
[3, p. 18–21]

Another way of achieving demagnetization is to utilize the material specific Curie
temperature. Above the Curie temperature the material becomes paramagnetic and
loses its permanent magnetic properties. Temperature affects magnetism as higher
temperature causes particles to move more sporadically. This effect makes it harder
for the magnetic moments to stay aligned with each other or with the applied field.
This is also referred to as thermal disorder.

2.3 Magnetostatics and electrodynamics
Electricity and magnetism are fundamentally tied together in the electromagnetic
force. This fundamental force defines the interactions between charged particles,
and thus, the most reactions in general. While stationary charges generate constant
electric fields around them, steady currents generate constant magnetic fields. These
phenomena are called electrostatics and magnetostatics respectively. Furthermore,
for magnetostatics

∇ · J = 0 (13)

must be true. It should also be mentioned that while magnetostatics in general is
defined for steady currents, it still gives good approximations even in the common
AC frequencies of 50 Hz. [5, p. 215]

When changing currents and magnetic fields are considered the principles of
electrodynamics are needed. Analogously to all physics, electrodynamics is divided
into classical and relativistic, of which relativistic includes quantum theory and
considers the inertial frames of reference. In the context of this thesis, the interactions
examined are those between macroscopically significant electric and magnetic fields.
Therefore, in addition to magnetostatics, the principles of classical electrodynamics
are introduced as they are accurate for macroscopic phenomena.

2.3.1 Biot-Savart’s law

The Biot-Savart’s law is one of the most fundamental magnetostatic principles which
depicts the magnetic field from a constant electric current. Following equation depicts
the Biot-Savart law:
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B(r) = µ0I

4π

∫
C

dl × r′

|r′|3
(14)

where r is the location the B-field is calculated on, C is the path of the current,
dl is a vector with a differential length in the direction of the current and r’ is the
displacement vector between r and dl [6, p. 51]. The equation yields the B-field
vector with magnitude and direction of the field.

We can find the magnetic flux inflicted by a long straight conductor to a certain
point with a modification of the Biot-Savart law

B = µ0I

2πr
, (15)

where r is the distance from the conductor [6, p. 51–52]. This formula gives the
answer in scalar form as the direction of the field is always perpendicular to the
direction of the current and tangential to the conductor surface. This formula
provides simple way of determining the magnetic field from a wire without the need
for vector calculus. The direction of the field can be derived with the Lorentz force
law introduced in the next section.

2.3.2 Lorentz force law

The Lorentz force law depicts the force of electromagnetic fields on a charged particle.
According to the law, electric field E and magnetic field B produce force

F = Q[E + (v × B)] (16)

on a particle with the charge Q moving with a velocity and to a direction of v.
Here we can see that the electric field is created by the charge regardless of the
velocity. The magnetic field, however, is only created by a moving charge. The
relation between particles and fields in the Lorentz force law is fundamental and
its applications are endless. In particular, it is essential that changing the direction
of the current also changes the direction of the force. The Lorentz force is also
visualized in the Figure 7. [5, p. 202–208]

In addition to Lorentz force law, the electric and magnetic fields follow the
superposition principle [5, p. 58]. This means that the total effect of the magnetic
fields can be evaluated by analyzing each field individually. The effects can then
be combined together to find out the total effect, which often simplifies the related
calculation significantly.

2.3.3 Faraday’s law of induction

In magnetic induction voltage is induced to a conductor by a changing magnetic
field. Changing magnetic field can be caused by alternating or otherwise changing
current. Furthermore, the change in the field can be due to movement of the
conductor receiving the induced voltage or the movement of the magnetic field source.
According to Lenz’s law the induced electromagnetic force acts in a direction where
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Figure 7: Lorentz force between two charge carrying wires depicted with vectors.

the current it produces causes a magnetic field which opposes the change in magnetic
flux [7]. The magnetic field from the induced current is never large enough to cancel
the change completely, but only partially [5, p. 301–305]. As induction is due to
electromagnetic fields, no direct physical connection is required for current to be
induced. Faraday’s law of induction is given in terms of electromotive force ϵ and
magnetic flux Φ:

ϵ = −∂ΦB

∂t
, (17)

where the magnitude of the change in flux defines the electromotive force. Respective
to the Lenz’s law the direction force is negative in respect to the flux.

One significant manifestation of Faraday’s law of induction are the eddy currents.
These currents are induced currents in an electrically conductive material. Unlike
normal currents in a circuit, eddy currents do not flow in the actual circuit, but in a
closed circuit within the conductor. As eddy currents are due to magnetic induction,
they are generated when a conductive material is in a changing magnetic field. This
can occur when the magnetic field itself changes or when the material moves in an
inhomogeneous magnetic field or out of a homogeneous magnetic field. Furthermore,
the eddy currents are only present when the conditions are changing. Thus, there
are no eddy currents if the material moves in a homogeneous magnetic field or once
a certain field is completely applied on the material. The effect of eddy currents is
depicted in the Figure 8. [7]

The magnitude of eddy currents is affected by factors of the magnetic field and
the material. A larger rate of change in magnetic flux in respect to time creates
larger eddy currents. On the other hand, resistivity and deformations make it harder
for a current to flow in the substance. [7]

A common way to mitigate the effects of unwanted eddy currents is breaking the
material into smaller adjacent pieces. In transformers this is achieved by constructing
the iron core from laminated plates whose plane is parallel to the direction of the
magnetic flux. This prevents the large eddy current loops from forming, and thus,
reduces the effect.
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Figure 8: Eddy currents. Conductive plates move in and out of a homogeneous
magnetic field. Induced force F opposes the movement of the plates when they enter
and exit the field. There is no inductive effect when the plate is moving inside the
magnetic field.



18

3 HKL metro control systems
In this chapter, interlocking system and magnetic control system are discussed. In
particular their significance to the safety of rail transport is considered. Furthermore,
the working principles of the magnetic control system are presented.

3.1 Interlocking system
Like many applications involving high speed travel, the metro system has potential
for hazards resulting in physical harm to customers or personnel. The main hazard
is a train colliding with a person or with another train. Risks of a train hitting a
customer are mitigated by not allowing customers on the tracks. This is implemented
by fencing on large part of the track and by rules and markings on the station area.
Responsibility for complying with the rules on the station lies on the customer. The
risk for collisions between two trains or a train and a track worker are mitigated by
monitoring the positions of the trains and then using this knowledge to assign each
part of the track to only one user at a time. In addition, a sufficient clearance of
empty track is reserved between consecutive trains for increased safety.

In the Helsinki metro, train traffic and train position control is conducted with
the interlocking system. Interlocking system operates by controlling the rail switches
and signal lights on the track. In normal operation, the interlocking system is
responsible for maintaining the proper clearances between the consecutive trains.
The interlocking system is controlled by automation during normal operation. Traffic
control personnel supervise the automatic control system and intervene in more
complicated situations. It is necessary to mention, that the term traffic control is
used, in this thesis, to represent the combined unit of traffic control automation and
traffic control personnel.

While traffic control directs and monitors the trains, the trains are still operated
by human drivers. In the end, the compliance to the the rules and guidance, and
furthermore the responsibility over the speed and braking operations of the train
remain on the driver in absence of any automatic train protection system. Apart
from few speed measurement points, no system limits the speed the trains can be
driven. Thus, a risk for human error is evident. Possible sources include momentary
lack of concentration and seizures. In addition to human error, maleficent acts are
possible, albeit unlikely.

Additional safety measures are thus necessary to improve upon the safety level
defined by human judgment and to therefore reach an acceptable level of risk. The
metro magnetic control system has been implemented to apply this improvement of
safety. Main purpose of the system is to stop a train from passing a stop signal that
is on arrest mode. Thus, the effect of human error can be effectively mitigated in
this regard, assuming there is no combination with magnetic control system error.



19

3.2 Magnetic control system
The magnetic control system uses a magnetic signal circuit to transmit signals from
the interlocking system to the train. Signals are sent via a magnetic field, which
is created by the track magnet. The trains have a receiver that reacts to magnetic
field. Thus, a train passing an active magnet receives a signal through the train
side receiver. Receiver then passes the message to the train’s control system which
conducts the braking protocol. The whole chain of events is executed without any
actions from the driver.

The source of the signal in the magnetic control system is the track magnet.
The magnetic field in the track magnet is created with a permanent magnet which
is always on. The permanent magnet is surrounded with a coil that acts as an
electromagnet. When powered, the coil creates a magnetic field with opposite
direction to the magnetic field of the permanent magnet. The compensation field
strength is such that it negates the effect of the permanent magnet, however, it does
not reach the coercive field required to remove the spontaneous magnetization. This
way the permanent magnet’s effect can be quickly removed to allow a train to pass.

While the electromagnet can create the necessary field, the permanent magnet is
needed for safety reasons. A safety device should always go to a safe condition when it
fails. Thus, the magnetic control system should be able to cause an emergency brake
for the train even when the power is not on. This cannot be done if an electromagnet
is used. In addition to safety, the use of permanent magnets consumes less power as
the system must always be in arrest mode in default. With electromagnets only the
system would consume power constantly. When using both the permanent magnet
and the electromagnet, power is only consumed when a train must pass the track
magnet.

In addition to the track magnets, the magnetic control system includes a receiver
that detects the magnetic signal of the track magnet. The receiver is connected to
the leading bogie of the train. The receiver uses a magnetic relay for field detection.
Position of the relay changes with large enough magnetic fields while the relay position
determines the signal output to the train control system.

The relay must be sensitive enough to detect the magnetic field of the track
magnet even with minor disturbances. However, the relay can not be too responsive
so that it does not conduct false stopping actions due to small disturbance fields
in the track. Thus, the receiver relay is set to react to magnetic field on a certain
working point. To ensure sufficient working conditions for the receiver, the magnitude
of the magnetic disturbances in the metro must be determined.



20

4 Bogie structures and materials
This chapter introduces the bogie structures for each of the three metro series. In
addition to structures, also the materials of the parts are focused on as different
materials have differing magnetic properties. The purpose of this chapter is to create
a base for the following chapters that examine the disturbance effects in detail.

Furthermore, a reference point representing the location inside the receiver where
the magnetic field affects the magnetic relay is determined for each series. This is
done to enable the investigation of the magnetic effects affecting the receiver in the
following chapters.

4.1 The bogie
In railway travel, the wheels and axles of a train are not directly housed in the
passenger cart. Instead, the axles are located in the bogie which holds the passenger
cart on itself through suspension. Purpose of the bogie structure is to carry the
passenger cart, allow stable travel in straight and curved track sections and to alleviate
the vibration from the track irregularities. In addition to axles and suspension, the
bogie also houses the vehicle motors and brakes. Each axle is powered by its own
motor and both motors in the bogie are controlled by a common inverter.

In the HKL metro, the bogie also carries the magnetic control system receiver
which is attached to the front part of the leading bogie. The receiver is suspended
on a steel support with adjustable attachment to allow for height changes. The
bogie and the receiver location are presented in the Figure 9. In this installation
location the receiver is exposed to disturbances from the bogie and the rails. The
most significant disturbance magnetic fields originate from the rail return current
and the magnetization of the bogie structures. In addition to disturbance magnetic
fields, the bogie structures influence the travelling path of the track magnet flux.
This might cause some of the flux intended to flow through the magnetic relay to
flow instead through the bogie structures. Thus, bogie structures and materials are
both important factors when disturbances from magnetization and induced currents
are considered.

The distance of the axle from the magnetic control system receiver should also be
considered as there is some current flow present. This is due to the return currents
that are fed into the tracks through the train wheels. Specific cabling connects
the rectifier to carbon brushes that conduct the current into each wheel. From
here currents move mostly to the tracks and divide to both directions according
to the location of the substations and the circumstances in the electric system.
Some balancing current flow is thus present in the axle that connects the wheels.
Furthermore, the balancing flow through the axle can occur even when the train is
not drawing current when the return currents from other trains balance through the
axle of the coasting train.
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Figure 9: M100 series bogie.

4.2 Material properties
The main bogie material S355 steel is shared by each series. Same steel is also used
in the attachment structures of the magnetic control system receiver. S in the name
of the steel indicates that it is structural steel and 355 is the minimum yield strength
in megapascals.

As steel is mostly composed of iron, it usually has significant permeability,
and thus, is perceivably magnetic. Furthermore, the magnetic properties vary
notably depending on the specific mechanical and thermal history of each piece of
steel. This can cause differences in magnetization behaviour of externally identical
structures. Thus, each bogie inside a specific series sharing the same structure can
behave differently in this regard. In addition to intrinsic qualities of the iron pieces,
mechanical stresses might also vary the properties temporarily or permanently.

Like other mechanical changes, also rust can modify the magnetic properties of
steel. When rust is formed, oxygen is combined to steel to form new oxides like ferric
oxide Fe2O3. This compound is non-magnetic and can be identified from red colour.
While rust is non-magnetic, it usually only exists on a thin layer on top of metal,
and thus, does not remove the magnetic properties completely, but only from the
rusted surface.

Properties of stainless steel should also be considered even though the main parts
of the bogies are not stainless. While stainless steel parts are not used in the bogies
at the moment, changing the support parts closest to the magnetic control system to
stainless steel is considered due to more favourable magnetic properties.

Structurally stainless steel contains at least 10.5 % chromium which prevents
the steel from corroding. Moreover, compared to regular steel, nickel is added to
attain better mechanical strength. Stainless steel can be magnetic or non-magnetic
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depending on whether the alloy is in ferrite or austenite phase. This is mostly
influenced by the amount of nickel present in the alloy, as higher concentrations
of nickel stabilize the austenite phase in lower temperatures, extending to room
temperatures. This is due to different alloys having either body centered cubic (bcc)
or face centered cubic (fcc) crystal lattice, of which bcc is ferritic and fcc is austenic.
The stainless steel alloys with only small amounts of nickel only exhibit austenite
phase in temperatures above 1000K approximately. Furthermore, also non-magnetic
stainless steel can become partially magnetic when exposed to mechanical stress that
bends the material in room temperature, changing the crystal structure.

4.3 Series specific structures
In this section, the general magnetic significance of bogie structures in the vicinity
of the magnetic control system receiver for each series are analyzed. Furthermore,
the exact location of the reference point for the magnetic relay are defined.

4.3.1 M100 series

The M100 series magnetic control system receiver is attached to a bulky steel
frame that holds the receiver in correct position. The M100 series attachment is
distinguishably different from the smaller steel bars of the other series. The front
view of the M100 bogie is presented in Figure 10. The larger amount of ferromagnetic
material in the attachment increases the potential for magnetization originated
disturbances.

The reference point and its distance from both rails is defined in a plane per-
pendicular to the track. The track gauge is 1522 mm and both the receiver and the
track magnet are located 250 mm to the side from the center towards the right rail,
relative to the direction of travel. Thus, the horizontal location of the reference point
is 1011 mm from the left and 511 mm from the right rail. Vertical distance from the
top of the rails to the bottom of the receiver is 90 mm in M100 series. Furthermore,
the reference point of the magnetic relay inside the receiver is 30 mm higher. Thus,
the distance from the left rail is 1017.0 mm and the distance from the right rail is
522.7 mm.

4.3.2 M200 series

In the M200 series the receiver is held in place by two vertically positioned iron
attachments that are connected to a larger horizontal iron support bar. This type
of structure has significantly less ferromagnetic parts in the close vicinity of the
receiver. In this regard, the magnetization effects from the structures should be
smaller compared to M100 series. The front view of the bogie structures for M200
series are presented in the Figure 11.

The reference point of the magnetic control system receiver in M200 series is
mostly similar to the M100 series with a minor difference in the receiver installation
height. Instead of the 90 mm height of M100, the M200 series receiver is installed to
80 mm height from the top of the rail. This affects the distance from the rails only
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Figure 10: M100 series bogie front view. 1. the magnetic control system receiver, 2.
receiver steel attachment frame, 3. axle, 4. bogie frame, 5. wheels.

minimally as the distances are 1015.5 mm from the left rail and 519.8 mm from the
right rail. Thus, the effect of the track return currents can be considered identical
between the series. However, the height difference of 10 mm from the track magnet
affects the magnetic flux travelling path and thus might lead to differences in bogie
magnetization. Furthermore, the magnetic field received from the track magnet is
different.
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Figure 11: M200 series bogie front view. 1. the magnetic control system receiver, 2.
receiver vertical attachments, 3. receiver horizontal support bar, 4. axle, 5. bogie
frame, 6. wheels.

4.3.3 M300 series

The M300 series bogie structure holding the magnetic control system receiver is
largely similar to that of M200 series. The most significant parts due to their
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close vicinity are the vertical attachments which are identical to M200 series. The
horizontal support bar has an additional shaped part on top of the receiver position.
This shaping should not cause magnetically significant differences compared to the
M200 series. The front view of the bogie structures for M300 series are presented in
the Figure 12

M300 series’ magnetic control system receiver reference point is the lowest of
the series as the installation height of the receiver from the top of the rails is 75
mm. Again, all the other measurements being the same, this leads to very similar
distances from the tracks. Distance from the left track is 1015.5 and from the right
track 519.8 mm.

1. 2.
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4.

5.

6.

Figure 12: M300 series bogie front view. 1. the magnetic control system receiver, 2.
receiver vertical attachments, 3. receiver horizontal support bar, 4. axle, 5. bogie
frame, 6. wheels.

4.3.4 The examined structure

Only one of the bogie structures is modelled for the return current simulations in
the context of this thesis. It is considered more beneficial to attain results of one
structure in multiple conditions than to attain results of multiple geometries from
restricted amount of conditions. Thus, it is important to assess the properties of the
different series in order to determine the modelled geometry.

As the bogie structures of M200 and M300 have generally similar magnetic
properties, a model representing one of these will give the most comprehensive
coverage over the HKL metro rolling stock. From these, the M200 series bogie is
chosen as the base template for the simulation model as it has the simplest structure.
While the return current simulations are only conducted on one model, the bogie
magnetization measurements are conducted on each of the train series.
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5 Bogie magnetization
The disturbances from bogie magnetization are classified by the B-field magnitude
they produce for the defined reference point. The classes are presented in the Table 1.
HKL has defined the ranges according to the evaluated disturbance tolerances of the
magnetic control system. The disturbances range from insignificant at under 1 mT
to intolerable at over 10 mT. The classifications are also used for the disturbances
from return currents.

Table 1: Disturbance classes by B-field magnitude.
Range (mT) Disturbance class
0≤B<1 Insignificant
1≤B<2 Minor
2≤B<5 Considerable
5≤B<10 Severe
10≤B Intolerable

5.1 Process of magnetization
The steel parts of the bogie are exposed to magnetization from the magnetic fields
they encounter during normal operating conditions. The main source of magnetic
fields is the track magnet of the magnetic control system that has significant magnetic
field strength while in either passing or stopping conditions. The magnetic flux density
caused by the track magnet to the receiver relay has been evaluated to be 30-50
mT in normal conditions depending on the track magnet strength and the height
of the receiver. Moreover, the magnetic field also affects the bogie structures even
though they are further away from the magnet. As most structures in the bogie are
ferromagnetic they are susceptible to relatively significant magnetization and can
also retain remanence magnetization that can cause disturbance to the magnetic
control system.

To present this phenomenon, the process of magnetization of the bogie when
the train passes track magnets of different orientation is simplified in the Figure 13.
The magnetization curve presented is the minor hysteresis loop of the material as
saturation is not achieved with the magnetic fields in consideration. In the first graph
the bogie is directly on the track magnet and maximal magnetic field is inflicted.
The combination of the H-field and steel’s own magnetization add together to cause
the B-field in the bogie. After the track magnet has been passed the H-field is not
present and the magnetization falls to the remanence value. In the graph three of
the figure, the bogie is again on a passing track magnet with similar magnetic field
strength. The magnetization and the B-field value are the same as when passing the
first track magnet as the magnetization does not accumulate with repeating exposure
to similar magnetic fields. In the fourth graph, the train is on a track magnet with
stopping orientation and reverse magnetic field. Thus, the magnetization value in
the bogie is also reversed as the material’s coercivity is exceeded.
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Figure 13: Magnetization of the ferromagnetic steel parts in the bogie when they are
exposed to different magnetic fields.

The presented simplification does not correspond fully to practice as there are
multiple factors that influence the relation between the applied magnetic field strength
and the remanence magnetization in the material in a specific situation. If the magne-
tization process would fully correspond with the presented graphs, the remanence of
the ferromagnetic parts would not have any effect as a track magnet would instantly
remove the magnetization from the bogie in favor of the corresponding magnetization
in the direction of the track magnet signal field. However, such sudden changes in
bogie magnetization have not been found while exposing the bogie to track magnet
fields. Whether the magnetization happens over time or instantly, it is assumed that
some magnetization can be present in the bogie structures of which effect can not be
fully overcome by the track magnet field.

Since the generation of remanence seems to be occasional despite the magnetic
field being the same every time, changes in some other aspect are expected. Changes
in material susceptibility and remanence can occur during mechanical stress in bogie
structures due to inverse magnetostriction [3, p. 258–266]. This is due to magnetic
domains breaking loose allowing reorientation of the magnetic domains along the
applied field. During normal operation the train bogie is subjected to vibration and
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changing mechanical loads that could lead to inverse magnetostriction. Periodically
increased susceptibility during shocks would explain why the remanence is sometimes
generated and sometimes not. However, considering the magnitude of the stresses
during normal operation, the effect might not be significant.

Wherever the magnetization is originated from, it is crucial to know the mag-
netization direction to assess the effect that it has on the magnetic control system.
Magnetization due to passing the track magnets is illustrated in the Figure 14, where
the view is in the direction of travel. It should be noted that all the supporting
structures depicted are not on the same vertical plane in reality. However, the
horizontal offset is not significant for the purpose of this illustration. On the first
graph, the train passes a track magnet which is on passing orientation. Here the
ferromagnetic bogie structures are magnetized as the track magnet field partially
strays to the bogie from its intended path through the receiver. This leaves the
structures magnetized as presented in the second graph. However, it can be seen
that the direction of the magnetic field in the receiver from the magnetization is
opposite to the track magnet that created it.

While the track magnets magnetize the bogie structures in the direction of their
magnetic field they also cause eddy currents. Eddy currents are induced to the
structures in a changing magnetic field in such a way that the magnetic field from
eddy currents opposes the change in the field. When a track magnet is passed the
magnetic field first increases and then decreases back to nominal value. Thus, eddy
currents can cause magnetic fields and magnetization in both directions. However,
considering the relatively small travel speed of the trains, the generated eddy currents
might not be significant.

5.2 Magnetization measurements
Prior measurements of magnetization done in HKL’s repair and periodic maintenance
suggest bogie magnetization to be unpredictable. Sometimes bogies can magnetize
in a short period of operation and sometimes magnetization is not present even after
longer periods. A vague maximum value of the effect of magnetization could be
estimated from these measurements. However, the data is too sparse to make reliable
conclusions about the dynamics of bogie magnetization. Thus, further measurements
are conducted during the thesis to add to the data and collect more specific results.

A modified hall effect sensor in the possession of HKL is used for the measurements.
The measurement device is such that it replicates the magnetic control system receiver
casing to give measurement results that closely resemble the actual situation. Inside
the casing are iron cores similar to the actual receiver that collect the magnetic flux
to an air gap where it is measured with a hall effect sensor. Thus, the measured flux
density is greater than one measured with a hall effect sensor in open air with no
casing or iron cores.

A periodic measurement is conducted to assess the magnitude and changes in the
magnetization effects from the train bogies. As the train series have unequal bogie
structures, the measurement also aims to find the differences caused by this. One
train from each series is chosen for the measurement and the same trains are then
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1. 2.

3.

Figure 14: FEMM simulation illustrating the flux density and field direction in the
track magnet - receiver interaction. Flux lines are depicted and general directions of
the fields are shown with arrows. Flux density concentrations are illustrated with
colours, purple being highest concentration and turquoise being the lowest. As the
purpose of this simulation is to depict the directions of the flux, the flux density
colours are not comparable between pictures.

periodically measured again. As direct magnetization is impossible to measure, the
effect of the bogie magnetization is measured on the reference point in location of
the receiver relay. This is done with a modified hall effect sensor with which B-field
magnitude and orientation is acquired.

During the measurements each bogie is also demagnetized two times to set
a neutral starting point for the measured data points. The demagnetization is
done by moving a permanent magnet along the bogie structure surfaces in different
orientations to randomize the magnetic moments. After the demagnetization, the
disturbance effect of the bogie should be close to zero.

The measurement values are acquired over multiple measurements during a
period of 3 months. The measurement results are presented in the Figure 15, where
demagnetizations are depicted in red. The highest maximum value is measured
from M200 series. However, no reliable comparison for the magnetization responses
between the different series can be deduced from the measurement period. The
overall trend of the disturbance effect is increasing in the positive measurement
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direction. The increase is seen between each measurement point excluding one
interval where the magnetization of M308 changes direction from 0,24 to -0,15 mT.
The continuous increase in magnetization suggests a cumulative effect. However,
magnetism should not increase cumulatively when the applied field is always the
same. The increasing behaviour could be due to varying bogie conditions during
the metro operation. Susceptibility of the bogie material varies due to the effects of
inverse magnetostriction discussed in section 2.2.3. Various stresses can occur to the
bogie structures due to acceleration and breaking. The bogie can also experience
vibration and thumps from unevenness on the track. Thus, the bogie material’s
susceptibility varies below and above the material’s specific value during operation.
While a train is repeatedly exposed to track magnet fields, the highest momentary
susceptibility of the bogie material during field exposure defines the magnetization
value as there are no reverse fields of similar magnitudes. Furthermore, as a train
passes more and more track magnets, the expected value of the highest momentary
susceptibility grows, thus leading to higher acquired magnetization value. Following
this conclusion, it would be possible to acquire a maximum amount of magnetization
with the first track magnet exposure if the conditions would be right as the chance
is considered random due to the exact conditions being unknown. However, as
mentioned earlier, it is not clear if the inverse magnetostrictive effect can produce
large enough changes in the material’s susceptibility that it would cause the observed
changes in magnetization.

The direction of the measured magnetization is opposite to the one that the
passing direction track magnet would generate according to the analysis in the
previous part of the section. Thus, further research should be conducted to define
the exact mechanics of the magnetization process.

Train mileage is also monitored during the measurement period. Furthermore, the
accumulated mileage is compared to the acquired magnetization in the bogies. The
data suggests that most magnetization per kilometer is acquired when the starting
magnetization of the bogie parts is the smallest. This observation agrees with the
varying susceptibility of the bogie parts as the smallest value is easiest to increase.

During the measurement period the largest measured value is 1,39 mT from M209
at the first measurement of the period. The starting values were also the highest
for both other series. This is logical as there is probably a long time since the last
demagnetization of the bogie parts, if they are even demagnetized before. Thus, the
bogies have had time to be exposed to track magnet fields in suitable conditions to
acquire a high value of magnetization. Overall, the measured bogie magnetization
disturbance level is only minor with measured maximum values under 2 mT. Thus,
the disturbance from magnetization should not cause any problems to the operation
of the magnetic control system on its own.
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Figure 15: Total bogie magnetization of selected trains over an extended period
measured with the modified hall effect meter.
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6 Magnetic field of return currents
The magnetic fields of the track return currents are evaluated in this chapter. Most
importantly, the conditions and magnitudes of the largest possible disturbances are
defined. Furthermore, the severity of the disturbances is evaluated based on the
disturbance limits set by HKL.

In the beginning of the chapter the Helsinki metro electric power system is
introduced in order to allow the assessment of the magnitudes of return currents in
the system. The magnitudes are then evaluated analytically and by measurement.
Furthermore, the open air B-field can be acquired from the return currents. The
B-field value in the open air is crucial for setting up the simulations in the latter
part of the chapter.

Finally, FEMM- and Elmer-simulations are performed in order to find the mag-
nitude of the disturbance magnetic fields from return currents. For the evaluation,
different return current magnitudes and conditions are considered. Furthermore,
the effect magnitudes are evaluated with different bogie structure combinations.
FEMM-simulations are performed in two-dimensional space due to program limi-
tations. Thus, the acquired results do not fully correspond to the actual situation.
However, the FEMM-simulations provide an important comparison point for the
results acquired from the three-dimensional Elmer-simulations. Similarly to chapter
5, the disturbance magnitudes are classified according to Table 1.

6.1 Magnitude of return currents
Measurement and analytic evaluation are conducted to assess the magnitude of the
return currents. The measurement is performed at a substation, and thus, the return
current values are not directly acquired from the measurements. Thus, the difference
of the measured value and the actual track current must be determined by assessing
the network structures analytically. Furthermore, the acquired current magnitudes
are used for the calculation and simulation of the magnetic field in the following
sections.

6.1.1 Current measurement

The Helsinki metro network is powered with a 750 V DC electric power system. The
trains take their power from the power rail along the side of the track. The train
bogies with engines have power collectors on both sides of the bogie to connect the
train to the power system in both directions of travel. Return currents from the
train engines are fed straight to the track through the bogie. Therefore, in addition
to determining the travel path and carrying the weight of the train, the tracks also
act as a return path for the currents.

There are many electrical substations along the track usually within train stations.
However, not every station has its own substation. The substations have four main
feeders and one backup feeder. Each of these is restricted by 5800 A circuit breaker
with no time delay. The circuit breakers set the absolute maximal amount of current
fed into each section.
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Continuous measurement of the magnitude of return currents is conducted on
the Kamppi substation. Kamppi is chosen as the measurement location as it has the
longest distances to the neighbouring substations. This means that the substation
has the best potential to feed the most trains simultaneously, thus generating the
highest return currents.

Measurements are conducted with Hewlett Packard 34401A multimeter connected
to the negative terminal that collects all the return currents that arrive at the
substation. The multimeter terminals are connected to measuring points on the low
current side of the current transformer that controls the switchboard analog current
meter. The measurement points are shown in Figure 16. The current transformer
enables the measurement to be conducted without direct connection to the high
current side. A laptop running a corresponding logging program is connected to
the multimeter for the data recording. Measurement interval is set to 1s which is
assumed to give sufficiently accurate data as the current take of trains does not
change rapidly.

Figure 16: Return current measurement setup at Kamppi substation.

The measurement data for the full week is presented in Figure 17 and an extraction
of one day is presented in Figure 18. During the operating times of the metro there is
significant return current activity while during the non-operating times there exists
only a current of few amperes. The largest current averages center on the morning
and evening commute rush hours. During the rush hours the currents fluctuate
mostly between 500 and 5000 A. Otherwise the fluctuations occur mostly from 0 to
3000 A. Magnitude of the largest single peak is 7521,24 A. The peak currents of
over 7000 A only last for one measurement point during normal operation.

The measurement data is also compared to the RFID location data collected
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Figure 17: Return currents from the full week.

from the trains in order to assess the operating conditions during the peak currents.
During the peaks multiple trains are departing from the stations simultaneously,
and thus, drawing current for acceleration. It is also noticable that one train of the
M300 series is contributing to most of the largest current peaks. It is known that
the M300 series train can use larger current for acceleration than the older series.
Comparing the measured values to the location data from the trains a peak current
of 3 kA is estimated for one train based on the number of trains associated with the
peak currents.

A current peak of over 7000 A lasting multiple seconds is measured during the
evening rush hour on monday 25th. The peak is preceded with a pause in operation
where the trains stopped on stations for 3-4 minutes instead of the normal 45 seconds.
Once the operation was resumed after the pause, most of the trains departed the
stations simultaneously which caused significant current draw that lasted longer than
the peaks during normal operation. However, the peak magnitude of return currents
measured was not any larger than other peaks. Why the peak was not higher can
be explained by the fact that all of the trains departing near Kamppi were from
M100 or M200 series. As there is no increase in the peak current even this type of
situation, it is unlikely that notably larger currents can be present during normal
operation. Minor increase could be seen if similar situation would occur with M300
series trains present.
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Figure 18: Return currents from single day.

After the measurements, the number of measurement points is compared to the
measurement time to verify the accuracy of the measurement interval. Total number
of measurement points recorded is 367241 while the total measurement time is 6
days, 23 hours and 43 minutes. Thus, the actual average time between measurement
points is 1,64 seconds which is longer than the intended 1s.

As the measurement interval is longer than intended it is important to find the
largest magnitude differences between consecutive measurement points to evaluate the
possible magnitude of a current peak in between measurement points. The largest
current increase between two measurement points is 2731 A and largest current
decrease is 4415 A. The decrease is larger due to the sudden current take decrease
of trains after they achieve constant travel speed and proceed to coasting. The
increase of multiple kiloamperes between points is considered significant compared
to the magnitudes of the measured values and the measurement would benefit from
shorter measurement interval. Assuming that the peak would occur between the
measurement points and the current would change according to the largest changes
between points, the peak could be approximately 1 kA higher than the measured
values. However, this is theoretical and the largest changes are not as likely to occur
during peak current. The actual peaks are assessed to be only few hundred amperes
higher than the measured values.

Based on the measurements, the maximum value for the return current magnitude
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is 8 kA in the substation terminal. This includes 479 A increase over the measured
maximum value to compensate for the effects of relatively long interval between
single measurement points. Furthermore, the total measurement interval of one week
is not likely to catch the largest current peaks that occur during the operation. As
the measurements are conducted on the substation terminal and not directly on the
track, the feasibility of similar currents occurring on the track and affecting a certain
train must be further evaluated.

6.1.2 Analytic evaluation

Magnitude of the return currents is affected by multiple factors. By the restriction
of the circuit breakers, one power rail can not carry more than 5800 A of current.
However, the return currents can travel long distances in the tracks before they reach
the nearest substations negative terminal. These distances exceed the length of the
power rail sections, thus, allowing for return currents to combine with ones fed from
other power rails. Therefore the return currents on one section can achieve higher
peaks than the 5800 A limit of the feeding terminal circuit breakers.

The return current travel paths depend mostly on the feeding substation location.
The metro DC network is galvanically isolated from the distribution network with
transformers. Therefore the current must balance on each substation rectifier which
means that the current fed from a substation is very likely to return to the same
substation. As the metro network resembles more a radial than a looped network
structure, the balancing of the rectifier currents in a different way would require the
currents to travel longer distances, and thus, is not probable on normal operating
conditions.

Sources of the return currents are the trains, as they use power for acceleration.
Thus, the amount of trains on a certain track section affects the magnitude of
return currents. Coasting trains only use small amounts of power, and thus, do not
contribute heavily on the amount of return currents. During an acceleration from
stationary state to the normal operation speed of 80 km/h the current consumption
curve of the train is known to be rising in a linear fashion and reaching the peak
current on for few seconds before the travel speed is attained. Moreover, according
to the measurements the simultaneous peak current draw from multiple trains is rare
despite the frequent traffic.

Even though the return currents can achieve amounts of over 7 kA in the substation
terminal, it is not possible for similar currents to affect a single train. The substation
terminal collects current from two different tracks of opposing travel directions and
from two directions on both tracks. Each of the substation feeds powers certain
locations of the track by default in such way that two of the four feeds power one
travel direction. The return current paths between the tracks are only shunted
together in few locations, and thus the currents mostly stay on the same track as
the train that caused them. Therefore, one train can only be affected by full return
currents of two of the four feeds with a possibility of partial currents from the rest.

Based on the value of 8 kA from the measurements and the discussed restrictions
on its travel paths, the maximum current affecting one train is estimated to be 6 kA.
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The estimation is based on a situation where two trains accelerate on the same track
and are fed from different feeds. The trains draw a peak current of 3 kA estimated
in the previous section. The train that is closer to the substation is affected by its
own return currents and also by those of the further train.

6.2 Open air B-field
As discussed in the prior part, the return currents from the train engines are fed to
the tracks and returned through them to the substations. As the trains travel on the
tracks, the return currents travel alongside in close vicinity. The DC return currents
flowing in the tracks create magnetic fields, and thus, might cause disturbance to
the magnetic control system in the train.

The open air magnetic field sets the general perspective for the magnitude of
magnetic disturbances in the area. More importantly the open air magnetic field
is used to define simulation components in the following parts. For the theoretical
calculation the tracks are represented by long straight conductors as the resulted
fields circulate the source according to the Biot-Savart’s law.

Distances of the rails from the reference point of magnetic control system are
calculated in section 4 as 522.7 mm from the right rail and 1017.0 from the left
rail for M200 series. Furthermore, the B-fields from a straight conductor at these
distances with a current of 3 kA are 1,15 mT for right rail and 0,59 mT for left rail.
Respective B-fields for the current of 6 kA are 2,30 mT for right rail and 1,18 mT for
left rail. B-fields for different currents are presented in the Figure 19 as a function of
distance.

Figure 19: B-field in respect to distance for different currents on a long conductor
presented in a logarithmic scale.

Magnitudes of few millitesla are considered moderate disturbance, however, not
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severe on their own. Furthermore, the B-field is different inside the magnetic control
system receiver due to concentration of the field to the ferromagnetic parts as
their permeability is larger than that of air. More accurate estimates of the actual
significant B-fields are acquired with the simulations.

6.3 FEMM-simulations
FEMM (Finite Element Method Magnetics) is an all-in-one solver for electromagnetic
problems in planar and axisymmetric two-dimensional geometries. FEMM package
includes pre- and post-processors and also a meshing program. Solvers include
magnetostatics, time harmonic magnetics, electrostatics and steady-state heat flow.
The program also allows for automatic definition of Dirichlet, Neumann and Robin
boundary conditions for modelled geometries. Furthermore, FEMM allows for
visualization of fields with contour, density and vector plots. Due to FEMM’s all-in-
one nature its usage is easy and fast, and thus, multiple variations can be generated
relatively fast. [8]

FEMM-simulations are conducted using the magnetostatics solver in order to
evaluate the magnitude of the disturbance magnetic fields from the return currents
in relation to the magnetic control system receiver. M200 series train is modelled
for this analysis. A two dimensional model of the track magnet, receiver and the
bogie are constructed based on the bogie front view in Figure 11 and additional
measurements from the bogie and the magnetic control system. Contrary to the view
in Figure 11, the simulations are constructed with the view in the direction of travel.

The simulations must be adjusted to FEMM characteristics. Due to the planar
nature of FEMM, a reliable representation of all the nearest iron parts of the bogie
can not be constructed. If the horizontal support bar, labeled 3 in Figure 11, would
be added to the model it would block the vertical travel of the magnetic field through
it almost completely. This is not the case in reality, as the field could pass around the
support bar. The same effect is seen partially with the vertical attachments labeled
2 in Figure 11. However, these attachment are significantly smaller and do not form
a continuous block that cuts the magnetic field path. In addition, these attachments
are not on the same depth plane compared to the magnetic control system receiver.
Considering all the factors, the vertical attachments are also excluded from the
FEMM-simulation.

The B-field in the reference point is measured in the horizontal x-direction as this
value can be compared to the measured values acquired with the modified hall effect
sensor in HKL’s possession. Furthermore, in most of the simulated situations the
B-field is in horizontal direction, and thus, the nominal value and its x-component are
nearly equal. The x-axis direction is horizontal and perpendicular to the direction of
travel. Furthermore, the x-axis positive side is to the right of the direction of travel.

6.3.1 Model construction

The magnetically significant parts of the bogie are built to a FEMM model to
allow simulations of different situations and magnetic behaviour. Only the steel and
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iron parts are considered magnetically relevant as the effect of paramagnetic and
diamagnetic materials is insignificant. In addition to magnetic conductors, also the
disturbance sources are modelled.

The simulation scenarios include the track magnet when possible in order to
assess the effect of the disturbances to the B-field magnitude in the reference point
at the track magnet position. The model of the track magnet is constructed from
two permanent magnets and a joining iron core to guide the magnetic field. The
general shape of the model corresponds roughly to the actual track magnet, however,
the model is modified to achieve magnetic field behaviour that best correlates with
the values from the actual track magnet. Magnetic flux densities of the track magnet
have been measured by HKL with the modified hall effect sensor from different
distances. Magnetic model of the track magnet is compared to these measured values.
To achieve similar situation to the measurements, a magnetic field collector present
in the magnetic control system and the modified hall effect sensor is added to the
model. The model is modified by changing the magnitude of the magnetization of
the pole permanent magnets and adjusting their distance, and subsequently, the
length of the iron core. In FEMM the strength of permanent magnets can be defined
by modifying their coercivity value. Furthermore, the shape of the magnetic field is
dependent upon the mutual distance of the pole magnets, and thus, the distance of
the pole plates defines the attenuation behavior of the magnetic field in their vicinity.

Thus, the distance of the pole plates is first set to best correspond to the measured
values and then the magnitude of the magnetic field is adjusted by changing the
magnetization values of the pole magnets. The flux densities have been measured
from height of 0 to 200 mm from the track magnet level in 10 mm intervals. However,
the focus of the optimization is on the normal operation height of 80 mm for the
magnetic control system receiver in M200 series. Best correlation is achieved with
a distance of 160 mm between the inner and 260 mm between the outer edges of
pole magnets. Furthermore, the coercivity of the poles is set to 100850 A/m. The
difference from the model to the measured value is 0,19 mT which is 0,47 % at the 80
mm height. This can be evaluated as sufficient accuracy as the goal of the simulation
is to give a general picture of the phenomenon. A comparison between the measured
and simulated values is presented in the Figure 20. The model’s deviance from the
measured values is more significant further away from the focus point and largest
close to the magnet itself. Percentually largest deviances occur further away from the
magnet where the magnetic flux values are smaller, thus increasing the percentual
difference.

Finally, the base B-field value of the simulation model is determined at 80 mm
distance from the track magnet in the reference point with the receiver magnetic field
collectors present. The B-field value is 40,0092 mT. This value is further modified to
accommodate for the effects of return current components when they are added to
the model.

Due to restrictions in FEMM characteristics, the effect of return currents must
be simulated with a modified method. The magnetic field from the rail currents
circulates the rails evenly and its magnitude attenuates steadily in every direction.
Due to planar nature of FEMM, current can not be simulated to run through the
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Figure 20: Comparison of measured and simulated B-field x-component values in
different heights from the track magnet.

plane of examination. Thus, the situation must be simulated with a permanent
magnet producing a magnetic field along the plane. A single bar magnet and a
bar magnet with guiding irons are examined for replicating the correct effect. The
B-fields and flux lines of both of these are illustrated in the Figure 21. In both
models the field direction is downwards on both sides of the source instead of circling
around it. However, this has no effect on the simulation as the field is only examined
on one side of the source. The bar magnet produces approximately even magnetic
flux density on all directions, however, the field direction does not correspond to
the desired result as the field path forms a full circle on both sides of the magnet.
The field direction is corrected by the addition of guiding irons directly on top and
under the bar magnet. Now the field lines travel straight up along the iron from
the magnet an return to the lower side forming a half circle arc on both sides of the
magnet. However, the irons also deform the B-field by amplifying the field in their
vicinity. Thus, the magnitude of the field follows elliptical figure instead of a circle.

The addition of auxiliary iron parts to the model also adds the need to assess
their effect on the behaviour of the model. Thus, their effect on the simulated track
magnet fields is evaluated by comparing the field with and without them. The B-field
in the reference point inside the receiver is simulated to be 40,0092 mT in the normal
height of 80 mm. When the return current simulation guiding irons are added to
the model on the correct positions on both sides of the track magnet, the simulated
B-field is 39,3972 mT. Thus, the auxiliary iron parts draw some of the flux away
from the receiver, however, the error effect is tolerable.

The magnitudes of the simulated currents are based on the limitations of the
electrical network and train traffic dynamics defined in the section 6.1. The evaluated



40

Figure 21: FEMM-simulation model of return current magnetic fields. On the left a
bar magnet and on the right bar magnet with guiding irons. The B-field magnitude
is depicted with colours and its form is highlighted with a bold line. The thin lines
illustrate the field lines that flow in the direction of the field.

Figure 22: FEMM-simulation model overview.

currents are 6 and 8 kA of total current in the track section. The current is divided
in two rails when both rails are considered.

Magnitude of the simulation return current components must also be defined
to correspond to the analytically calculated B-field values in section 6.2 for the
specific currents. The evaluated current magnitudes are 3, 4, 6 and 8 kA. The
changes in the B-field magnitude are implemented, similarly to the optimization of
the track magnet magnitude, by changing the permanent magnet coercivity. Due to
the elliptical form of the simulated return current magnetic field, the values can not
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fully correspond to the theoretical values. Thus, the simulated B-field values in the
closer rail are constantly larger than calculated values and the values in the further
rail are constantly smaller. Comparison between the simulated and calculated values
is presented in the Table 2. The deviations from calculated values are under 0,4 mT
and percentually 7.1 % at maximum. This is acceptable as general disturbance effect
is studied.

Table 2: Comparison of calculated and simulated B-fields of return currents at the
location of the magnetic control system reference point in open air. The B-field
values are nominal, pointing in the direction determined by the Lorentz force law.
Current Rail Calculated Simulated Deviance Deviance
(kA) value (mT) value (mT) (mT) (%)
3 Right 1,1582 1,2252 0,0670 5,785

Left 0,5901 0,5515 -0,0386 -6,541
4 Right 1,5310 1,6316 0,1006 6,571

Left 0,7869 0,7345 -0,0524 -6,659
6 Right 2,2964 2,4503 0,1539 6,702

Left 1,1803 1,1031 -0,0772 -6,541
8 Right 3,0619 3,2805 0,2186 7,139

Left 1,5737 1,4768 -0,0969 -6,157

6.3.2 FEMM-simulation 1: current in both rails

The most common travel path for return currents is through both rails. Assuming the
rails have close to similar resistances, the return current is divided evenly between the
rails. A total current of 6 kA for a track section is defined as the realistic maximum
value in the section 6.1. Furthermore the absolute maximum value of 8 kA attained
from the measurements is evaluated. In addition to the realistic values, also a current
that would cause severe disturbance is explored.

The simulations are conducted with the track magnet present to attain the amount
of disturbance to the track magnet field. The zero current values are simulated with
the iron parts of the return current component in the model to mitigate their impact
on the results.

The results of the simulation show that the B-field at the reference point decreases
with increasing current as the disturbance field grows larger. The decrease in the B-
field is approximately linear in relation to current increase. The B-field x-component
values at the reference point with currents of 0, 3, 4 and 12 kA are presented in the
Table 3. The disturbance from a possible 3 kA current in both rails has a considerable
effect by diminishing the B-field in the reference point by 2.79 mT.

Intolerable disturbance fields have been identified at 12 kA current in both rails.
The track magnet B-field at the receiver is 29,28 mT and the decrease from no
disturbance is 10,12 mT. With a total current of 24 kA required at a certain track
section, the intolerable disturbance levels are impossible from the return currents
in these conditions. Assessing the effects of 12 kA return currents without the
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track magnet the B-field in the receiver is 9,59 mT. According to the superposition
principle, the decrease effect of return currents should be the same in both situations.
However, the iron parts of the track magnet also modify the flux path of the return
current fields, and thus, change the B-field in the reference location. Moreover, this
effect is not restricted to simulations only, but happens also in reality.

The vertical y-components are not presented as the field direction at the reference
point is almost completely horizontal. The y-component is approximately 1µT
with no currents in the rails. The applied currents turn the field direction slightly
downwards, however, the y-component is still less than 100µT with all the simulated
currents.

Table 3: B-field x-components at the reference point with different return current
magnitudes with and without the adjustable attachments. Return current in both
rails and directed opposite to the direction of travel.
Magnitude of return current per rail (kA) 0 3 4 12
B-field (mT) 39,3972 36,6051 35,7943 29,2793
Disturbance field (mT) 0 2,7921 3,6029 10,1179

Figure 23: Disturbance B-field effects of 3 kA in both rails.

6.3.3 FEMM-simulation 2: current in one rail

At certain points of the track, one of the rails has a galvanic isolation forcing the
current to travel fully through one rail. In these situations, a large current can be
present in one of the rails. Largest disturbances are possible when the left rail is
insulated and right rail carries the current, as it is closest to the reference point
location. Thus, only the situation with the current in the right rail is simulated.

The simulated B-field in the reference point is in general similar to the case of
two rails. The values are presented in the Table 4. The disturbance with current in
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one rail is smaller than the disturbance with the same current in both the rails. This
corresponds with the logical conclusion as currents in both rails contribute to the
disturbance, however, most of the disturbance comes from the current in the right
rail.

Furthermore, larger currents can be present with only one rail in use, and thus,
currents of 6 kA can now be considered possible. The received B-field from the track
magnet with a current of 6 kA in one rail is 35,65 mT which is 3,86 mT less than with
no disturbance and is defined as a considerable disturbance. The B-field with the
track magnet and 6 kA current in the right rail is 0,95 mT less than the corresponding
value if the current is divided in two rails. Thus, the potential for disturbance is
larger when the current is forced to travel through only one rail, assuming it is the
right rail.

Table 4: B-field x-components at the reference point with different return current
magnitudes. Return current is in the right rail only and directed opposite to the
direction of travel.
Magnitude of return current (kA) 0 3 6 8
B-field (mT) 39,5150 37,4744 35,6520 34,4100
Disturbance field (mT) 0 2,0406 3,8630 4,9872

Figure 24: Disturbance B-field effects of 6 kA in the right rail.

6.3.4 FEMM-simulation 3: rail switch

In addition to singular track sections, the metro track also has crossroads with rail
switches. In the rail switches one of the rails can be temporarily positioned under
the train bogie bringing the disturbance source closer to the reference point. To
assess this, the tracks in the rail switches are wired differently to mitigate or remove
the flow of current in critical locations. However, the wiring differs between switches
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and mitigation effect can be insufficient. Thus, it is necessary to examine the effects
of return currents also with the current carrying rail in different positions under the
train.

Rail switch simulations are conducted with the receiver and return current com-
ponent. Contrary to the Figure 21 the return current component and its guiding
irons are turned to horizontal formation to avoid the collision of the iron parts in
the model. The simulated current are 3, 6 and 8 kA. The horizontal distance of the
rail from the center of the receiver is modified between 0 and 511 mm, which is the
normal distance of the right rail.

Intolerable disturbance fields of over 10 mT are present in many of the simulated
situations. The B-field x-component values are presented in the Table 5 and simula-
tions with 3 kA current are depicted in the Figure 25. The most important factor is
distance, as even current of 1 kA causes significant disturbance fields when located
directly under the receiver.

Table 5: Disturbance B-field x-component magnitudes at the reference point with
different return current magnitudes on different rail distances.
B-field Magnitude of return current (kA)
(mT) 3 6 8
Rail 0 36,2852 72,5568 97,1419
distance 100 19,9759 39,9475 53,4825
(mm) 200 8,4582 16,9143 22,6446

300 4,2332 8,4650 11,3325
400 2,4828 4,9647 6,6464
511 1,4998 2,9989 4,0144

6.4 Elmer-simulations
Elmer-simulations consist of three main programs that are used to achieve the
solution. The workflow of the simulation process is presented in the Figure 26. In
this simulation Gmsh is used for constructing the geometry and for creating the
mesh. Gmsh is a 3D finite element mesh generator that includes a built-in CAD
engine [9]. Combining these processes to one program eliminates a step from the
file conversion process and removes possible compatibility issues between CAD and
meshing environments. Also other programs or program combinations could be used
for completing the first steps.

Once the geometry is complete and meshed it is imported to ElmerGUI which is
a limited functionality graphical interface that can call ElmerGrid and ElmerSolver.
ElmerGrid is Elmer’s own meshing program that is used in this simulation only for
the conversion of the Gmsh mesh file to the Elmer format. Next, the Elmer sif file
containing the problem description and solver parametrics is built in the ElmerGUI.
Alternatively, the sif file can be written manually without the GUI. However, after
any manual modifications to the sif file, the GUI can not be used as it has no
capability to read the sif file. If ElmerGUI is not used, ElmerGrid and ElmerSolver
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Figure 25: Return current of 3 kA with varying rail distances.

must be used directly from the command promt or equivalent process. Whether the
GUI is used or not, the mesh and sif file are next opened with ElmerSolver which
executes the calculation with the solvers and parameters defined in the sif. Once
the calculation is completed the solution is exported to a vtu file by default. In this
thesis, ParaView is used as the visualization program as it provides the basic data
examination tools with a plenty of visualization options.

Gmsh 
ElmerGUI

ElmerSolver ParaView

.geo .msh .mesh .vtu.sif

ElmerGrid

Figure 26: Workflow of the Elmer simulation including programs and file formats.
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6.4.1 Model construction and simulation definition

Geometry of the model, including both rails, magnetic control system receiver,
vertical and horizontal support bars and boundary, is constructed with the Gmsh
GUI and the script editor. Geometry of the rail is accurately modelled after the
actual rail by following the blueprints. The area of 0,0072 m2 for the rail cross section
is also attained from Gmsh for current calculation in the simulation. The bogie and
receiver objects are modelled based on manual measurements and drawings from
train maintenance manuals. The whole geometry is constructed from individual
points and furthermore combined to lines, surfaces and volumes. The CAD interface
also allows for quick construction of simple 3D geometric objects, however, the mesh
refinement control is found to improve when objects are constructed point-by-point.
The Gmsh geo model for the full model is presented in Figure 27.

After the completion of the geo file the 3D meshing is conducted. The mesh
size is defined in the geo file for each part individually. In the receiver the mesh is
most accurate with the size defined at 1 mm. The bogie iron parts and the rails are
not modelled as accurately due to their larger size to alleviate the calculation load.
The boundary mesh is the roughest with the mesh size defined at 250 mm. Once
the meshing is complete, the mesh is exported to msh file with the version 2 ASCII
format.

Figure 27: Gmsh model geometry. For clarity, 2D mesh is presented and boundary
mesh is removed.

Construction of the sif file is based on the Elmer tutorials from CSC [10, p. 33–38].
Due to solver difficulties, the simulation is executed in AC instead of DC. Solvers
used are WhitneyAVHarmonicSolver and MagnetoDynamicsCalcFields which solve
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the Maxwell equations [11, p. 97–105]. To replicate the magnetic fields from DC
current a frequency of 1Hz is used for the AC current. An additional simulation with
a round conductor is performed to ensure that the magnetic field of defined simulation
parameters correspond to theoretical values for DC current. The comparison of
simulated and theoretical values is presented in the Figure 28. The simulation is
performed on a conductor with a radius of 1mm while the theoretical approach
assumes infinitecimal radius. Thus, the magnetic field is different on distances that
are smaller than the radius of the conductor as there is current flowing on the whole
conductor causing different magnetic field dynamics. Outside the conductor, the
simulated magnetic field resembles the theoretical values accurately.

Figure 28: Elmer simulation B-fields compared to theoretical values.

Additionally, three different materials are defined for the main simulation model:
air, iron and stainless steel. Iron is used for the bogie parts and the receiver while
the rest of the model is filled with air. The meaningful material properties for the
simulation are the relative permeabilities of the materials. Air and stainless steel
relative permeabilities are defined to 1 to ensure no magnetic response. Iron’s relative
permeability is set to 5000 as an estimate for an average value for the bogie parts.
The acquisition of accurate magnetic properties for the actual bogie parts is not
possible as the properties are specific to the temperature and structure histories of
individual pieces.

Boundary conditions are also defined for specific model boundaries. A non-zero
voltage value is defined for the beginnings of the rails and zero voltage value for the
ends. Thus, a current defined by the conductivity of the rail material and the set
voltage is formed on the rails. The chosen return currents in the simulations are
therefore controlled by modifying the voltage component on the beginning boundaries
of the rails.
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6.4.2 Elmer-simulation 1: current in both rails

As discussed with the FEMM-simulations, the current most commonly travels through
both of the rails. Therefore this simulation case applies in most operation situations.
An overview of the full simulation model with B-field directional vectors shown is
presented in Figure 29. The B-field magnitude is presented with colour and the field
vectors are only directional to achieve clearer view of the model. Furthermore, all the
following similar simulation results depicted share a common color scale for better
comparability.

Figure 29: Overview of the magnetic flux of return currents. Both rails carry 4
kA opposite to travel direction while the view is in the direction of travel. The
colouring represents B-field magnitude, however, the colour scale is not comparable
to subsequent pictures in the section.

Based on the return current measurements from Kamppi substation the effects of
currents at magnitudes of 6 and 8 kA are evaluated in the simulation. From these,
6 kA is considered realistic maximum and 8 kA is the maximum value from the
measurements at the substation. As the current is in both rails the current values
for single rail are halved. The rails in the simulation model have a conductivity of
1, 824 ∗ 106 S/m and a cross area of 0,0072 m2. Thus, to achieve the corresponding
currents of 3 and 4 kA, voltages of 0,22 and 0,30 V are defined for the rail boundaries
respectively.

The x-direction B-field magnitudes from the return currents are presented in the
Table 6 and the results of the 3 kA simulation with a graph of the B-field in the
receiver are depicted in the Figure 30 at the end of the chapter. The disturbance
field is 2,19 mT for the current of 3 kA and 3,03 for 4 kA. Therefore, considerable
level of disturbance is found at the reference point in both simulations. However,
the effect is not critical for the function of the magnetic control system.

In addition to the realistic disturbances based on the measured currents, also the
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Table 6: Disturbance B-field x-components at the reference point with the simulated
return current magnitudes. Return current is in both rails and directed opposite to
the direction of travel.
Magnitude of return current per rail (kA) 3 4 14
B-field (mT) 2,1913 3,0272 10,5946

current magnitude required to produce intolerable disturbance level in the reference
location is defined. These disturbances are observed from the currents of 14 kA in
both rails which produce a combined disturbance B-field of 10,59 mT at the reference
location. The simulation results and a graph of the B-field magnitude at the receiver
are shown in Figure 31. As stated in section 6.1, such current magnitudes are not
even nearly possible. As the maximum current from one substation is 24 kA, two
substations would be needed to achieve current of 28 kA for one section.

6.4.3 Elmer-simulation 2: current in one rail

In this simulation, the current is only defined in one rail to depict the situation where
the other rail is cut by an insulation. Due to the open circuit in the other rail, all
the current is forced on one rail, and therefore, the possible current is larger. The
investigated currents in this simulation are 6 and 8 kA. To achieve the corresponding
currents, voltages of 0,44 and 0,59 V are defined for the rail boundary respectively.

The B-field values at the receiver acquired from the simulation are presented in
the Table 7 and the result of the 6 kA simulation with a graph of the B-field at the
receiver is depicted in the Figure 32 at the end of the chapter. The disturbance for
the largest realistic current of 6 kA is 3,75 mT in the simulation. For 8 kA the value
is 5,01 mT which would be considered severe. With the more common current of 3
kA the disturbance is only minor at 1,88 mT. Comparing the results to the situation
with the current in both rails, the disturbance is found to be approximately 1,7 times
larger when the current is focused on the right rail only. Thus, the locations of the
rail insulations can be modified to alleviate the disturbance effect in the critical
locations for the magnetic control system. Furthermore, it would be beneficial to
avoid insulations in the left rail.

Table 7: Disturbance B-field x-components at the reference point with the simulated
return current magnitudes. Return current is in the right rail and directed opposite
to the direction of travel.
Magnitude of return current (kA) 3 6 8
Disturbance B-field (mT) 1,8770 3,7540 5,0050

6.4.4 Elmer-simulation 3: rail switch

The rail switches of crossroads are investigated in this simulation. The simulation
model is modified accordingly to crudely replicate the effects of rail switch. The left
rail is removed from the model and the right rail is moved closer to the center of
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the track bed. The simulation model does not correspond fully to the rail switch
situation as the conducting part is actually tapered towards the end of the switch.
This does not cause significant error as the current in the conductor is the same in
both situations.

The simulation B-fields are presented in the Table 8 and the result for the rail
distance of 0 mm with a graph of the receiver B-field is depicted in the Figure 33
at the end of the chapter. Significant changes are seen in the disturbance field
magnitude as the rail is moved closer to the receiver position. At normal rail position
the field at the reference location is 1,88 mT. At 40 cm distance, the disturbance
is already considerable with 3,04 mT. The disturbances of 5,10 and 9,04 mT at
distances of 30 and 20 cm respectively are already severe with the common 3 kA
current. At the distances of 10 and 0 cm, the disturbance levels are intolerable with
17,36 and 29,12 mT. Thus, the importance of correct rail switch wiring, where the
current is led to an alternative path before the tip of the rail, is crucial.

Table 8: Disturbance B-field x-components at the reference point with return current
magnitude of 3 kA on different horizontal rail distances from the reference location.
Distance (mm) B-field from 3 kA current (mT)
0 29,1232
100 17,3618
200 9,0373
300 5,0951
400 3,0438
511 1,8770
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Figure 30: Magnetic flux of the return currents. Both rails carry 3 kA opposite to
travel direction while the view is in the direction of travel. The graph location is
depicted with the red line.

Figure 31: Magnetic flux of the return currents. Both rails carry 14 kA opposite to
travel direction while the view is in the direction of travel.
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Figure 32: Magnetic flux of the return currents. The right rail carries 6 kA opposite
to travel direction while the view is in the direction of travel.

Figure 33: Magnetic flux of the return currents in a rail switch. The rail carries 3
kA opposite to travel direction while the view is in the direction of travel.
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7 Future challenges
Even though the disturbance from magnetization defined in this research is only
minor, it can be further mitigated by minimizing the amount of ferromagnetic parts
in the near vicinity of the magnetic control system. HKL have already started this
process and few of the bogies are equipped with austenitic stainless steel support
structures instead of the ferromagnetic parts. Further progress on this process
will mitigate the magnetization based disturbances and furthermore alleviate the
magnetic shunting effect between the receiver and the bogie.

The magnetic disturbance from return currents is found to be on considerable
level in this thesis. This evaluation could be improved by finding the actual currents
from the rails, as opposed to the values measured from the substation. While the
substation currents define the maximum values of the disturbances, the evaluation
would be more precise when based on the actual rail currents. However, the rail
currents should be measured from multiple locations to find the possible currents in
the most crucial locations. More accurate evaluation of the critical locations can be
achieved by analysing the metro electric system drawings including all the shunts
and insulation components.

To add upon the findings of this thesis, the eddy current effects should be
researched. It is known that eddy currents in the bogie and control system components
might cause magnetic disturbances to the control system. Track magnets are distinct
sources for eddy current disturbances. Even though their magnetic field is constant,
the movement of the train causes the magnetic field to be varying in the reference
frame of the receiver. Thus, the movement speed of trains is also a factor affecting the
magnitude of the disturbances. As the eddy current effects are difficult to evaluate
analytically, the effects could be evaluated with an appropriate simulation model.

Furthermore, the total effect of the magnetic disturbance on the magnetic control
system can be evaluated by a continuous measurement from the bogie. For this
purpose, a similar measurement device to the modified hall effect sensor should be
constructed with a rigid linking cable to withstand the operational usage. Further-
more, either a local logging or cloud storage device should be implemented to allow
for data recording. This measurement would yield the total magnetic disturbance
data from the reference location, and thus, separate evaluation of the effects would
not be possible. However, possible disturbance sources could be traced using the
results in combination with location data. Gathering location data and syncing it
with the magnetic field measurement data would thus yield significant improvements
on such data.

Moreover, the amount of magnetization in the bogie and the possible distur-
bance effects from eddy currents could be mitigated by decreasing the amount of
overcompensation in the track magnets. Currently, the track magnet field during
passing orientation is similar to the stopping field, except for the opposite orientation.
The passing field magnitude could be decreased closer to zero by decreasing the
compensation current in the track magnet coil. This would significantly decrease the
amount of magnetic field exposures of the trains.
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8 Summary
The aim of this thesis was to find the magnitude of the magnetic disturbances present
during normal operation in the HKL metro system. The disturbances considered
were the bogie magnetization and the magnetic field of return currents.

The related magnetic phenomena were collected and presented in the first part of
the thesis. Furthermore, the magnetic properties of magnetically different materials
were discussed with focus on ferromagnetic materials. The understanding of ferro-
magnetism is found crucial for further analysis of the magnetic phenomena in the
metro.

Before conducting the research, the bogie structures and materials were investi-
gated mostly based on documentation. The series specific structures were compared
in order to find the optimal simulation model structure. Furthermore, the reference
location, where the disturbances were measured, was defined to be in the magnetic
control system receiver flux collector air gap.

In the research part of the thesis, the bogie magnetization mechanics were analysed
and the magnitude of the disturbance was measured. The measured disturbance
fields from the bogie magnetization were only minor at the maximum of 1,39 mT
in M200 series. For the other series, the maximum values were under 1 mT. The
main causes of magnetization are suspected to be the track magnets as they expose
the receiver and the bogie to the highest magnetic fields. However, the directions of
the disturbance fields acquired from the measurements are contradicting to the ones
defined in the analysis.

Moreover, the return current magnitudes were measured in order to attain the
associated magnetic fields. The continuous measurement was conducted over a period
of one week at the Kamppi substation. The measured current maximum at the
common return current terminal was 7521 A. Furthermore, the mechanics of the
electric system and the paths of the return currents were analyzed in order to find a
realistic current value of 6 kA affecting one train at a certain time.

Finally, the magnitudes of the return currents were simulated with FEMM and
Elmer which provided confirmation to each other. The simulations had some major
differences, but similar results were attained from both. The FEMM-simulation was
restricted to 2D by the program characteristics while with Elmer 3D results could be
produced. Due to the dimensional restrictions the bogie parts were left out of the
FEMM-simulations. The maximum magnitude of the disturbance B-field is 2,79 mT
in FEMM and 2,19 mT in Elmer with a current of 3 kA in both rails. Furthermore,
when 6 kA current is conducted only through the right rail, the simulated disturbance
is 3,86 mT in FEMM and 3,75 mT in Elmer. The disturbances from return currents
are considerable. However, they do not possess operational hazard on their own or
in combination with bogie magnetization.
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